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elicited Bak-dependent apoptosis without any additional stimulus (9) .
Which of the multiple pro-survival proteins that can bind Bax (fig. S15A) can functionally restrain it? Mcl-1 must, because neutralizing Mcl-1 by enforced Noxa expression rendered MEFs containing only Bax (Bak KO cells) sensitive to the Bad BH3 mimetic ABT-737 (Fig. 4A ), which inactivates Bcl-2, Bcl-x L , and Bcl-w (17) . To identify other pro-survival antagonists of Bax (10), we used Noxa mutant m3, which binds Mcl-1, Bcl-x L , and Bcl-w, but not Bcl-2 (8) (Fig. 4B) . It kills cells expressing only Bak (9), but not Bax-expressing ones (i.e., Bak KO cells) (Fig. 4B) . Because Noxa m3 spares Bcl-2, Bcl-2 is implicated as another check on Bax. We tested this hypothesis using a functional Bax mutant [Lys S15B ). The ability of Noxa m3 to kill MEFs that express K64A but not wild-type Bax (Fig. 4C ) confirms that Bcl-2 can prevent Bax activation. Hence, Bax is held in check by Mcl-1, Bcl-2, and either Bcl-x L or Bcl-w, or by all four (Fig. 4D) . Genetically, both Bcl-2 and Bcl-x L can constrain Bax, because its concomitant loss precludes the lymphoid hypoplasia (23) or neuronal apoptosis (24) caused by their respective deficiencies. Thus, whereas only certain pro-survival proteins keep Bak in check (9) , all of these proteins probably inhibit Bax (Fig. 4D) . Presumably, they bind a "primed" conformer of Bak or Bax-a form that may normally be present at low levels or may be formed early in apoptotic signaling.
Our findings emphasize that the central role of the mammalian pro-survival Bcl-2 proteins, like their virally encoded orthologs (25) , is to inhibit Bax and Bak (Fig. 4D) (8, 9 Cells use transcription-coupled repair (TCR) to efficiently eliminate DNA lesions such as ultraviolet light-induced cyclobutane pyrimidine dimers (CPDs). Here we present the structure-based mechanism for the first step in eukaryotic TCR, CPD-induced stalling of RNA polymerase (Pol) II. A CPD in the transcribed strand slowly passes a translocation barrier and enters the polymerase active site. The CPD 5′-thymine then directs uridine misincorporation into messenger RNA, which blocks translocation. Artificial replacement of the uridine by adenosine enables CPD bypass; thus, Pol II stalling requires CPD-directed misincorporation. In the stalled complex, the lesion is inaccessible, and the polymerase conformation is unchanged. This is consistent with nonallosteric recruitment of repair factors and excision of a lesion-containing DNA fragment in the presence of Pol II.
U ltraviolet light damages cellular DNA by inducing dimerization of adjacent pyrimidines in a DNA strand. The resulting cyclobutane pyrimidine dimer (CPD) lesions can block transcription and replication and are a major cause of skin cancer (1) . Cells eliminate CPDs by nucleotide excision repair (NER). A very efficient NER subpathway is transcription-coupled DNA repair (TCR), which specifically removes lesions from the DNA strand transcribed by RNA polymerase (Pol) II (2) . Pol II stalls when a CPD in the DNA template strand reaches the enzyme active site (3, 4) . Pol II stalling apparently triggers TCR by recruitment of a transcription-repair coupling factor [Rad26 in yeast, Cockayne syndrome protein B (CSB) in humans] and factors required for subsequent steps of NER, including TFIIH, which comprises helicases that unwind DNA (5). Endonucleases then incise the DNA strand on either side of the lesion, which results in a 24-to 34-nucleotide fragment (6) (7) (8) . The obtained DNA gap is subsequently filled by DNA synthesis and ligation (9, 10) .
To elucidate CPD recognition by transcribing Pol II, we carried out a structure-function analysis of elongation complexes containing in the template strand a thymine-thymine CPD. Elongation complexes were reconstituted from the 12-subunit Saccharomyces cerevisae Pol II and nucleic acid scaffolds, as previously described (11) , except that the mobile upstream DNA and the nontemplate strand in the transcription bubble were omitted (SOM text). A chemical analog of a CPD lesion was incorporated at register +2/+3 of the template strand, directly downstream of position +1, which denotes the substrate addition site (scaffold A, Fig.  1A and SOM text) (12) . The crystal structure of the resulting elongation complex A was determined ( Fig. 1B) (12) , and the register of the nucleic acids was unambiguously defined by (table S1 and fig. S1C ). The overall structure of complex A was nearly identical to the complete Pol II elongation complex (11) and very similar to elongation complex structures of the Pol II core enzyme (13, 14) (SOM text). The template strand enters the active site, and continues into an 8-base pair hybrid duplex with RNA, which occupies the upstream positions -1 to -8 ( Fig. 1B and SOM  text) . In contrast to the damage-free elongation complex (11) , downstream DNA entering the cleft is mobile, which indicated that the CPD at positions +2/+3 loosens the grip on downstream DNA (SOM text).
To investigate Pol II stalling at the CPD lesion, we incubated complex A with nucleoside triphosphate (NTP) substrates, followed RNA extension by fluorescence-monitored capillary electrophoresis, and identified the RNA products by mass spectrometry (Figs. 2 and 3 ) (12) . After incubation with a physiological concentration of 1 mM NTPs for 1 hour, the RNA was extended by three nucleotides ( Fig. 2A) , but not any farther. Thus the complex stalled after nucleotide incorporation opposite both CPD thymines. A time course showed that the first incorporation event was fast, consistent with a free substrate site in complex A (Figs. 1, A and B, and 2B) (SOM text). The second and third incorporation events, however, were progressively slower, with rate constants of~16 per hour and 2.4 per hour, respectively (Fig. 2, A  and B) .
Structural considerations suggest that the second incorporation event is slower because translocation of the CPD from position +2/+3 to position +1/+2 is disfavored. Template bases in positions +1 and +2 are twisted against each other by 90°in the undamaged elongation complex (11), but twisting the CPD thymines is impossible because they are covalently linked. To test this, we included a CPD at positions +1/+2 of the scaffold, and solved the crystal structure of the resulting complex B (Fig. 1, A and B) . The CPD was observed at register +2/+3, which indicated that it is not stably accommodated at positions +1/+2. Pol II had apparently "backstepped" by one position, consistent with disfavored forward translocation ( Fig. 3 and SOM text). To efficiently overcome this translocation barrier, a concentration of 1 mM NTPs was required. Lower substrate concentrations limited RNA extension to one nucleotide after 5 min ( fig. S2A) .
To investigate the very slow incorporation of the third nucleotide into complex A, we included a CPD at positions -1/+1 and solved the structure of the resulting complex C. The CPD was seen stably accommodated in the active site, and the NTP-binding site opposite the CPD 5′-thymine was free (Fig. 1, A to C) . We therefore used complex C to monitor incorporation of different NTPs. Only uridine 5′-triphosphate (UTP) led to nucleotide incorporation opposite the 5′-thymine (Fig. 2C ), generally consistent with data for human Pol II (4). This misincorporation was very slow, with a rate constant of~2.9 per hour, comparable with the rate determined for the third nucleotide incorporation into complex A ( fig. S2B and SOM text) . Because translocation is not required for nucleotide incorporation in complex C, the rate-limiting step in reaching the stalled state is the slow uridine misincorporation, not CPD translocation from positions +1/+2 to -1/+1.
Specific uridine misincorporation may be explained with the complex C structure. Whereas the CPD 3′-thymine occupies the same position as in the undamaged elongation complex (11), the CPD 5′-thymine is tilted by~40°and is shifted downward by more than 2 Å into a wobble position, with the O4 atom at the location normally occupied by the N3 atom (Fig.  2D) . Provided that binding of the incoming NTP (11, 14) is unaffected, the wobbled 5′-thymine could form two hydrogen bonds with UTP, whereas only one hydrogen bond would be possible with other NTPs (Fig. 2D) . Attempts to visualize the CPD 5′-thymine-uridine mismatch crystallographically were unsuccessful (SOM text).
These results suggested that Pol II stalls because translocation of the CPD 5′-thymineuridine mismatch from position +1 to position -1 is strongly disfavored. This translocation event would move the damage-containing mismatch into the DNA-RNA hybrid, and the resulting distortion of the hybrid would destabilize the elongation complex (15) (SOM text). To test this model, we incorporated the CPD at positions -2/-1 of the scaffold, including a uridine residue opposite the 5′-thymine, and solved the structure of the resulting complex D (Fig. 1, A and B) . In this structure, Pol II had apparently back-stepped by one position, and the CPD was again located at positions -1/+1 in the active site, consistent with disfavored translocation (SOM text). Disfavored translocation of the CPD from position -1/+1 to -2/-1 may result from distortions due to the CPD and/or due to the mismatch. To distinguish these possibilities, we tested if Pol II extends the RNA in a variant of complex D with a matched CPD 5′-thymineadenine base pair (scaffold D U→A , fig. S3 ). Surprisingly, this RNA was extended to the run-off transcript ( Fig. 2E and SOM text) . Thus, Pol II would bypass a CPD lesion if it could incorporate adenine opposite the CPD 5′-thymine. To test whether a T-U mismatch base pair alone is sufficient to stall Pol II, we used complex D, but without CPD, in RNA extension assays (scaffold D
DCPD
, fig. S3 ). Only a small portion of the RNA was extended ( fig. S2D ). Taken together, Pol II stalling does not result from CPD-induced distortions per se, but from CPD-directed misincorporation. In contrast, DNA polymerases can correctly incorporate adenine opposite both CPD thymines, and, depending on the type of polymerase, this can lead to stalling or lesion bypass (16, 17) .
In all CPD-containing structures, the polymerase conformation is unchanged. This argues against allosteric models of TCR, which assume an incoming lesion causes a conformational change in Pol II that triggers recruitment of repair factors. In complexes B and D, downstream DNA is repositioned in the polymerase cleft (Fig. 1D) . However, DNA repositioning cannot support an allosteric mechanism, because it occurs only in back-stepped complexes, which would not form when NTPs are present. A damage-stalled complex could alternatively be detected via exposure of the lesion by Pol II backtracking (18) . The transcript cleavage factor TFIIS induces backtracking of a CPD-stalled complex ( fig. S2E and SOM text), but TFIIS is not required for TCR in vivo (19) . The lesion could also be exposed after polymerase bypass or dissociation from DNA. The latter mechanism underlies bacterial TCR, which involves the adenosine triphosphatase (ATPase) Mfd (20) . However, the related eukaryotic ATPase CSB does not trigger polymerase dissociation or bypass (21) .
An alternative model for eukaryotic TCR that combines and extends previous models (7, 22, 23) can explain recognition of the stalled complex without allostery or exposure of the lesion ( fig. S4 ). Complexes that stall at an arrest site are rescued by TFIIS (24) . Complexes that stall at a nonbulky lesion are rescued by CSBinduced lesion bypass (25) . In both cases, transcription resumes. At a CPD lesion, however, CSB counteracts TFIIS-induced backtracking (26, 27) , resulting in a stably stalled complex and opening a time window for assembly of the repair machinery. TFIIH catalyzes extension of the transcription bubble (SOM text). This permits dual incision of the template strand on the Pol II surface (6, 7, 22) . The lesion-containing DNA fragment and the RNA transcript are removed together with Pol II, although this requires more than dual incision (6) (7) (8) 28) . The remaining gapped DNA is repaired. Pol II may be recycled, circumventing its ubiquitination and destruction (29) . In conclusion, our data establish the molecular mechanism of CPD recognition by a cellular RNA polymerase, and provide a structural framework for further analysis of eukaryotic TCR. (Fig. 2E) is depicted at the bottom.
